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By Herbert F. Hardrath 
NASA Langley Research Center 
The analysis  of any p r a c t i c a l  fa t igue problem almost invariably involves 
some consideration of the progressive accumulation of damage due t o  loads 
t ha t  vary i n  amplitude. 
s t a t e  of the  art of such analysis  and t o  make recommendations f o r  fu ture  action. 
It is  the purpose of t h i s  paper t o  review the current  
Advance copies of the review were submitted t o  other m e m b e r s  of the 
Fatigue Committee and t h e i r  associates  f o r  comment. 
acknowledges t h e i r  contributions and several  of these have been included i n  
The wr i te r  g ra t e fu l ly  
the present version of the  report .  
A bibliography of papers on cumulative damage published by NASA, N U ,  
DVL. and L;BF is  appended. - 
HISTORICAL BACKGROUND 
The madority of fa t igue  tests, both constant and var iable  amplitude, 
tha t  have been performed during the many years t ha t  fa t igue  has been studied 
have been of the rotating-beam type. 
gations, ca re fu l ly  polished smooth apecimens were employed. 
In  a large percentage of these investi-  
Some 40 years ago, Palmgren ( re f .  1) proposed a form of cumulative 
damage re la t ionship  t h a t  ul t imately l ed  t o  what is  now refer red  t o  as the 
Miner (sometimes Palmgren-Miner) re la t ionship ( re f .  2). This r e l a t i o n  i s  
based upon the  simple concept t h a t  "damage" accumulates l i n e a r l y  with cycle- 
r a t i o  and failure occurs when the  accumulated damage or  sum of cycle r a t i o s  
The l i n e a r  ru l e  of cumdative damage has been used extensively i n  s p i t e  
of the  f a c t  t h a t  a large number of investigations have "proved it wrong". 
Early evidence t h a t  
simple twwlevel load schedules. Generally, invest igat ions found t h a t  i f  the  
stress l eve l  was changed from a high t o  a lower value t h e  summation of cycle 
r a t i o s  was less than unity. Conversely, a sum grea ter  than one was frequently 
observed when t h e  stress l e v e l  was increased during a t e s t .  These observations 
l e d  t o  a great deal of speculation regarding the e f f e c t s  of overstressing, 
understressing, and coaxing. 
f 1 was gained i n  rotating-beam t e s t s  employing simple 
N 
Very probably some of t h e  apparent inconsistency i n  the value of 1 
achieved i n  a given Set of tests is due t o  inaccuracies i n  the S-N curves 
used t o  perform the calculations.  
Some of the invest igators  proposed re la t ions  of t h e i r  own (refs. 3-16). 
Generally, these re la t ions  involve cer ta in  l i nea r  or non-linear weighting 
factors  on the cycle r a t i o s  employed by Palagren and Miner. 
added feature t h a t  the 
systematic depletion of l i f e  and of the fat igue strength remaining i n  the 
specimen. All are essent ia l ly  empirical re la t ions .  Some of the  authors have 
claimed superior i ty  of t h e i r  procedures over the l inear  method, but t h i s  
superiority is usually achieved by adjust ing empirical constants t o  s u i t  the  
data under consideration. 
fo r  the ac tua l  mechanisms of damage. 
A few have the 
S-N curve is progressively modified t o  account f o r  the 
F e w  of the re la t ions  proposed attempt t o  account 
An objective comparison between t e s t  r e su l t s  taken from the l i t e r a t u r e  
and predictions made by the various cumulative damage methods has been made 
by the Lockheed Aircraft  Company (ref. 17). These invest igators  concluded 
tha t  the l i nea r  cumulative damage theory gave estimates of fa t igue l i f e  t ha t  
were more nearly correct  i n  more cases than were estimates m a d e  by any other 
method evaluated. 
superior t o  the l inear  method f o r  any c l a s s  of t e s t  resu l t s .  
No trend was evident t h a t  any estimation procedure w a s  
Thus, the l inear  method appears a t t r a c t i v e  because of i t s  s implici ty  and 
general superiority,  a t  l e a s t  f o r  preliminary estimates. Significant dis- 
crepancies between observed l i f e  and predicted l i f e  are, of course, common. 
CURRENT STUDIES 
Parameters i n  Experimental Studies 
More recently, several  new parameters have been introduced i n  order t o  
more adequately simulate service or  design problems. Among these are:  
1. More complex loading schedules have been used since they were made 
possible by t h e  developnent of automatic programing equipment. 
2. Axially-loaded specimens were employed. 
3. Mean st resses ,  which could not be applied t o  ro ta t ing  beams, became 
possible and were employed. 
4. Specimens frequently incorporate s t r u c t u r a l  j o in t s  or a t  least 
moderate s t ress  concentrations. 
5 .  A s igni f icant  number of "research" fa t igue  t e s t s  have been conducted 
on full-scale s t ructures  i n  Australia, England, the  United S ta tes  and the  
Netherlands. 
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In  practice,  more and m a r e  ad hoc fatigue tests are  being conducted with 
programs of loads simulating the  expected service experience. 
Phenomenological Trends 
Among the systematic trends observed i n  many of these more recent tests 
are the following: 
1. The f a c t  t ha t  the l i nea r  summation of cycle r a t i o s  does not always 
However, t h e  procedure equal one i s  rather  universally accepted as a fac t .  
is  widely used as a t o o l  f o r  making estimates i n  design. 
2. Systematic var ia t ions i n  x g  due t o  various parameters of test  N 
programs are  being recognized and cataloged. For example: 
a. f tends t o  be greater  than one f o r  tests i n  which a t e n s i l e  
mean s t r e s s  is  used, and increases with the mean s t r e s s .  This observation 
suggests t h a t  T n  = 1 yields  estimates on the "safe side" f o r  many prac t ica l  
problems. 
data which show t h a t  E n  may be i n  e r ro r  on the unsafe side by large margins 
even i n  cases where p o s i h v e  mean s t resses  were employed.) 
L- 
( D r .  k s s n e r  advises t h a t  he and Dr. Jacoby have some unpublished 
- 
b. 1; tends t o  be one or  l e s s  f o r  t e s t s  i n  which stresses are 
completely reversed. 
c. The range of E: values i s  smaller f o r  cmplex  loading schedules 
than w a s  observed i n  the earlier overstressing and coaxing t e s t s .  
3. The sequence of loading employed i n  block tests may have a s ignif i -  
cant e f f e c t  on fat igue l i f e  obtained. 
be used i n  se t t i ng  up fat igue t e s t s  f o r  es tabl ishing the safe l i f e  of f l i g h t  
vehicles. 
This observation d i c t a t e s  t h a t  caution 
4. T e s t s  conducted under a random sequence of loading frequently produce 
l i ves  shorter  than  those observed i n  block t e s t s  fo r  the same frequency 
d i s t r ibu t ion  of loads. 
5. ~ i = u u i i ~ * ~ i L @ ~ u f i G  a-id other ;e&i;.2 l=&, cycles CL-! hpys 3 .m_Clh 
more severe e f f e c t  on l i f e  than w a s  previously recognized or predicted from 
theories .  Reductions i n  l i f e  by fac tors  of 2 t o  4 compared t o  s i m i l a r  
tests without negative loads are common. 
a few percent reduction i n  some of these cases. 
The l i nea r  theory might predict  only 
6. High posi t ive load cycles can improve resis tance t o  f a i lu re  under 
"his e f f ec t  may be observed even a f t e r  a crack is  subsequent lower loads. 
present i n  t he  structure.  
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7. On the  other hand, once a crack i s  present, a su f f i c i en t ly  high load 
can produce catastrophic failure. 
Significance of Crack Propagation 
The ro le  of cracks i n  the  fat igue failure process i s  get t ing much more 
a t ten t ion  than heretofore. 
only measure of the t o t a l  damage t h a t  has been accrued by a specimen or struc- 
tural  component. 
s t a t i c  strength f o r  any crack length are t h e  only reliable indices of the  
remaining longevity of the component i n  question. 
The presence of such cracks and t h e i r  extent  i s  the 
The rate a t  which such a crack propagates and the res idua l  
In  prac t ica l  s i tuat ions,  v i s ib l e  fa t igue  cracks may be present f o r  one- 
ha l f  or more of the t o t a l  fa t igue  l i fe .  The f ac t  t h a t  some microscopic crack 
growth has occurred before the  crack becomes v i s ib l e  suggests t h a t  sub-micro- 
scopic cracks may be present i n  many pa r t s  before the  pa r t s  are placed i n  
service. 
These considerations are being employed t o  develop ra t iona l  methods for 
estimating l i f e  under variable-amplitude loading. 
dure proposed along these l i n e s  is t h a t  of Valluri  (ref. 16). V a l l u r i  deve lop  
ed h i s  expression frm basic considerations of l oca l  p l a s t i c i ty ,  then through 
crack in i t i a t ion ,  crack propagation and f i n a l l y  t o  failure. While t h i s  is  a 
ra t iona l  approach, i t s  quant i ta t ive usefulness i s  subject t o  question because 
many of the observations l is ted earlier cannot be accounted f o r  i n  the present 
form. 
The first ana ly t i ca l  proce- 
Significance of Residual Stresses  
n Many of the  observations regarding the increase o f c z  w i t h  mean s t ress ,  
beneficial  effect of high loads, deleter ious e f f e c t  of negative loads and 
sequence e f f ec t s  are being ra t iona l ized  on the bas is  of residual  stresses 
formed when the material near a stress raiser is p l a s t i c a l l y  deformed. 
Fundamental s tudies  are underway t h a t  w i l l  help t o  define these res idua l  
stresses and how they modify fat igue behavior (ref. 18). 
To date, only the  Smith method (ref. 7) attempts t o  account f o r  t he  e f f e c t s  
of residual stresses on cumulative damage. Although t h i s  method has a basically 
sound foundation, the assumptions made i n  the  quant i ta t ive solut ion of a given 
problem appear primitive. 
information regarding l o c a l  p l a s t i c  stresses becmes available, a method can 
be developed t h a t  w i l l  insp i re  more confidence. 
It is  quite possible t ha t  as addi t ional  detailed 
Interpretat ion of Random Iroadings 
The in te rpre ta t ion  of random time h i s t o r i e s  of loadings i n  terms of t he  
fat igue damage t h a t  they produce i s  cur ren t ly  receiving increased at tent ion.  
A wide variety of "counting schemes" by which t i m e  h i s t o r i e s  may be analyzed 
have been proposed (ref. 19). 
the s t a t i s t i c s  of the  necessary quant i t ies  are not ye t  available.  
Unfortunately, ana ly t i ca l  schemes for  computing 
Power 
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spec t r a l  density procedures are widely acclaimed f o r  t r e a t i n g  random processes, 
but cannot be employed without a re l iab le  quantitative theory of cumulative 
damage nor can they provide information on ranges of stress excursions and 
other parameters generally accepted as controll ing fat igue behavior. 
THE OUTIOOK FOR TIIE FUTURE 
Future developments t o  improve the s t a t e  of the art w i t h  respect t o  
cumulative damage w i l l  probably include increased emphasis on the mechanisms 
involved, namely, crack propagation and failure a t  a l eve l  lower than the 
or ig ina l  strength of a component. 
a result of loads t h a t  vary i n  a random sequence, more emphasis w i l l  be 
placed on tests that employ complex load his tor ies .  
res idual  s t resses  produced by large posit ive and negative loads w i l l  need t o  be 
taken in to  account, a t  least i n  principle. 
Since fatigue i n  service i s  experienced as 
The systematic e f f ec t s  of 
It i s  most unlikely t h a t  a cumulative damage theory w i l l  be developed 
i n  the forseeable future  which w i l l  eliminate the need f o r  considerable ad hoc 
t e s t ing  t o  es tab l i sh  the adequacy of par t icular  pieces of hardware. The most 
s ign i f icant  feature  control l ing fat igue behavior is, of course, the "quality" 
of the par t  itself. A t r u l y  formidable array of in te rac t ing  parameters 
controls "quality". Among these a re  the material, i t s  heat treatment and 
other processing de ta i l s ,  the configuration, de ta i led  s t r e s s  dis t r ibut ion,  
interference fits, other res idual  stresses, f re t t ing ,  flaws, etc.  Until the  
influences 
treatment, a sophisticated and precise cumulative damage theory i s  probably 
not the  greatest need of designers. 
of each of these parameters are also represented i n  the ana ly t ica l  
Actually, the eff ic iency of tes t ing  i s  probably improved by conducting 
program-load tests f o r  the following reasons: 
1. Every test  provides d i r e c t  information while several  constant ampli- 
tude tests must be performed t o  provide at l eas t  a portion of an S-N curve. 
2. Variable-amplitude t e s t s  are more l i ke ly  t o  ident i fy  t h e  probable 
locat ion of f a i lu re .  
3. Interpretat ion of results is  less dependent upon analysis by a cumul- 
t i v e  Urnage theory, par t icu iar iy  if the loads have 'ieri tuiiiciyatd correctly. 
This is  not t o  say t h a t  research on cumulative damage i s  f r u i t l e s s .  A 
reasonably adequate cumulative damage rule  is sorely needed i n  order t o  ant ic i -  
pate the way i n  which fat igue l i f e  may be affected by modifications i n  speed, 
gross-weight or mission without extensive retesting. ( I n  mil i tary a i r c ra f t ,  
such changes have modified t he  frequency of occurrence of a given load leve l  
per f l i g h t  by two orders of magnitude.) 
continued vigorously, keeping i n  mind t h a t  the ultimate method must account 
fo r  p rac t i ca l  complexities i n  the loading sequence. However, procedures f o r  
accounting f o r  the qual i ty  of the construction are a l so  needed. In many case6 
ad hoc t e s t i n g  w i l l  be required t o  prove a given design. 
Thus research on the problem must be 
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Even i f  a l l  the parameters control l ing quali ty and cumulative damage could 
be handled analytically,  the safe ty  of a given a i rc raFt  i n  a f l e e t  might s t i l l  
bt? jeopardized by f a i lu re s  i n i t i a t e d  by inadvertent f l a w s  or accidental  damage. 
To insure against such fa i lures ,  fail-safe construction and d i l igent  Inspection 
programs are and w i l l  remain necessary. 
procedures is, of course, beyond the scope of t h i s  discussion. 
The discussion of fail-safe design 
RECOMMENDATIONS FOR AGARD ACTION 
F’rm the foregoing review and the attached bibliography, it is  qui te  
c l ea r  t h a t  the current trends i n  research on cumulative damage are l i k e l y  t o  
lead t o  s ign i f icant  contributions. In  contrast  t o  common pract ice  i n  e a r l i e r  
studies, the p rac t i ca l  complexities of both s t ruc ture  and load experience are 
receiving the proper emphasis. The nat ional  aeronautical  research centers 
represented on the Fatigue Committee are taking leading ro les  i n  t h i s  e f f o r t  
and are  generally agreed on the  kinds of s tudies  needed. 
groups complement each other i n  a rather  remarkable way. 
The e f f o r t s  of these 
Thus, I t  i s  d i f f i c u l t  t o  imagine tha t  any new e f f o r t  organized by AGARD 
on an international scale  i s  e i t h e r  needed desparately or  t h a t  it could be 
expected t o  lead t o  new breakthroughs. 
a new e f fo r t  i n  t h i s  area i s  needed f o r  mutual defense purposes. 
There i s  a l so  considerable doubt t h a t  
One suggestion t h a t  might be helpful i s  t h a t  a close l i a i son  be maintained 
among t h e  research groups working i n  the  various countries. 
are, of course, most desirable,  and several  exchanges of v i s i t s  have taken 
place during the past  several  y e a r s .  
common, it is reasonable t o  expect t h a t  such v i s i t s  w i l l  be more frequent i n  
the  future. 
Personal contacts 
With in te rna t iona l  travel becoming more 
AGARD might w e l l  encourage these mutual exchanges. 
Dr. Schijve offered two specif ic  proposals for  possible consideration by 
the  Fatigue Committee: 
1. Compile a detai led review of procedures used by a i r c r a f t  firms t o  
prove the fat igue airworthiness of their  designs. 
2. Prepare periodic, c r i t i c a l  reviews of current investigations on 
aeronautical fatigue t o  acquaint designers and other research workers w i t h  
current advances on cumulative damage tes t ing ,  random-load fat igue and the 
e f f ec t s  of res idual  s t resses .  
Expertly done, such reviews could be very useful. 
6 
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